The wide range of optimal values reported for the physical parameters of compost 2 mixtures suggest that their interactive relationships should be investigated. The objective of this 3 study was to examine the microbial O 2 uptake rate (OUR) in 16 sludge waste recipes, offering a 4 range of moisture content (MC), waste/bulking agent (W/BA) ratio and BA particle size levels 5 determined using a central composite experimental design. The 3 kg samples were maintained at 6 a constant temperature and aeration rate for 28 days, during which a respirometer recorded O 2 7 uptake to provide a measure of microbial activity and biodegradability. The cumulative O 2 8 consumption after 14 and 28 days was found to be significantly influenced by MC, W/BA ratio, 9
Introduction 1
The implementation of widespread composting initiatives is a vital challenge for our 2 modern society. Increasing urbanization and industrialization has led to the production of large 3 amounts of sludge from sewage and industrial wastewater treatment plants. In the US and EU, 4 for example, over 7.5 million dry metric tons of sludge are produced annually from municipal 5 sewage plants, while only about half is composted or used as landfill cover (EPA 2000; EEA, 6 2001). 7
The lack of widespread sludge or biosolid composting initiatives is due, in large part, to 8 the requirements of purchasing and handling costly bulking agent (BA) materials, and of 9 undertaking extensive treatment periods of active biodegradation, followed by several months of 10 maturation (Gupta and Garg, 2008) . Selection of a waste recipe with optimal physical parameters 11
can not only reduce the size of the operation and BA mass, but also create an environment 12 conducive for high microbial activity. Increased microbial activity, consequently, translates into 13 more extensive biodegradation at quicker rates in the active phase of composting (Haug, 1993) . 14 For sludge waste initially well-balanced in pH, carbon and nitrogen, the physical parameters of 15 moisture content (MC), BA quantity and BA particle size are important in establishing the 16 physical matrix of a mixture to be composted (Diaz et al., 2007) . These parameters influence 17 microbial activity directly or through their effect on mixture porosity and free-air-space (FAS), 18 which in turn impact O 2 diffusion and sample compaction (Rynk, 1992; Liang et al., 2003; 19 Agnew and Leonard, 2003) . 20
The broad range of optimal values reported in compost literature for MC, waste/BA 21 (W/BA) ratio and BA particle size may be indicative of an interaction effect between them, 22 emphasizing the importance of the waste mixture as a whole. Indeed, Regan et al. (1973) 
in their 23
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The respirometric apparatus used in this study consisted of a 10 L cylindrical airtight 1 reactor made of stainless steel (Figure 1 ). Inside the reactor, the substrate material was placed on 2 a 3 mm mesh grid located 70 mm above the cell bottom forming a plenum receiving 65 L/h of air 3 via a glass diffuser. To fully ventilate the entire sample, a continuous and ample airflow, as 4 compared to composting, was supplied by re-circulating part of the exhaust air back into the 5 cells. The entering and exhaust air stream was monitored for O 2 content using a paramagnetic O 2 6 gas analyser (MAIHAK Technology, Germany). Oxygen uptake measurements were made under 7 continuous aeration of the biomass (dynamic method) rather than an intermittent aeration supply 8 The apparatus controlled for other environmental factors influencing microbial activity. 11
The temperature of the samples was held constant by placing each cell in a water-bath at 40 °C, 12 which is optimal for mesophilic microbial activity (Tremier et al., 2005) . The inlet air was 13 preheated at 40 °C using a copper serpentine with a diameter of 10 mm, a thickness of 2 mm and 14 a length of 2 m, submerged in the water-bath. The temperature of the samples was monitored by 15 means of a Pt100 temperature probe (OMNI Instruments, UK) inserted in the centre of the cells. 16
The inflowing air was saturated with moisture by bubbling through two water-filled glass bottles 17 immersed in the water-bath. Moisture condensing in the exhaust air was collected in beakers 18 above the water-bath to prevent both its return into the sample cell and its entrance into the gas 19 analyzer. 20
The tested mixtures consisted of dewatered sludge obtained from an activated sludge 21 reactor treating the wastewater of a slaughterhouse and, as BA, wood residues composed mainly 22 of twigs and branches recycled from a composting operation. For consistency, a large sludge 23 hal-00455553, version 1 -22 Feb 2010 sample was obtained prior to the trial, split into 10 kg sub-samples and stored at -20 °C until 1 used. Table 1 describes the chemical properties of the experimental materials. The size of the 2 respirometric apparatus developed was such that no pretreatment of the waste (e.g., grinding or 3 suspension in aqueous solution) was required, thus creating a physical matrix representative of 4 real sludge waste. 5 6 2.2 Experimental design and methodology 7
A central composite factor design method was utilized to measure the effect of a range in 8 MC, W/BA ratio and BA particle size on the O 2 uptake of samples over a period of 28 days 9 (Table 2) . Sixteen (16) experiments were conducted using three independent variables, namely 10 MC, W/BA ratio and BA particle size, where 8 of the experimental points corresponded to a 11 three factor complete factorial design, 2 of the points to central values and six of the points to 12 extreme values (α=1.682). Thus, five values were tested for each independent variable. To obtain 13 the targeted (nominal) MCs of 20, 30, 45, 60 and 70 % on a wet basis, tap water was either added 14 to the samples or they were dried at ambient air for 18 to 36 hours depending on the desired 15 level. The sludge was manually mixed with BA to obtain W/BA ratios of 1/9.2, 1/7.9, 1/6, 1/4.1 16 and 1/2.1, on a dry mass basis. Bulking agent particle sizes were obtained by sieving with rotary 17 screens of 8 to12.5 mm, 12.5 to 20 mm, 20 to 30 mm, 30 to 40 mm and > 40 mm. Samples with 18 a wet mass between 2 and 4.7 kg and a volume of approximately 6 L were manually mixed and 19 placed in the cell to prevent BA breakage and to minimize mixture compaction. All OURs were 20 expressed on an initial dry mass basis of the trial samples. The 16 trials were performed in one 21 single replicate and were randomly carried out in groups of six at any one time. Using the observed experimental respirometric data, univariate linear regression was first 21 performed to delineate the marginal relationships of the measured MC, W/BA ratio and the 22 average BA particle size, with each of cumulative O 2 consumption after 14 and 28 days, peakOUR and time to peak OUR. Exploration of potential second-order associations was performed, 1 although no quadratic relationship was uncovered. The potential impact of time at mixing upon 2 cumulative O 2 consumption was also assessed and was found to be insignificant. 3
Multivariate linear regression was subsequently performed to decipher the associations 4 between the physical parameters (including their interactions), and each of the experimentally 5 recorded cumulative O 2 consumption, peak OUR, and time to peak OUR. The statistical software 6 package Stata® (Statacorp LP, Texas, USA) was used to fit a linear regression model using a 7 least-squares approach, in order to identify the relationship between the expected O 2 uptake (Y) 8 and the physical variables. The regression model was based upon the equation: 9
where β 0 is the intercept; β 1 , β 2, β 3 are the main-effect coefficients; β 12 , β 13 , β 23 , β 123 are the 11 interaction coefficients; χ 1 = MC, %; χ 2 = W/BA ratio, dimensionless; χ 3 = BA particle size, mm.
12
The MC, W/BA ratio and BA particle size variables were centered at 45 %, 1/6 dimensionless, 13 and 25 mm, respectively, to simplify the interpretation of the intercept and the interaction 14
coefficients. 15
To determine associations between short and long-term indices of O 2 uptake, cumulative 16 O 2 consumption at both 14 and 28 days were also separately regressed upon characteristics of the 17 first OUR, such as peak OUR, average OUR in the 24 h period of highest respiration (DRI 24h ), 18 time to peak OUR and total O 2 consumption up to the peak OUR. The experimental cumulative O 2 consumption was calculated after both 14 and 28 days 18 of aeration (Table 2) , as these periods corresponded to an observed O 2 uptake peak and decline 19 (Figure 1) , and represent general active composting periods of high biodegradation for practical 20 composting schemes (Haug, 1993 where Y = O 2 consumption, mmol/kg of DM; χ 1 = (MC -45), %; χ 2 = (W/BA ratio -1/6), 5 dimensionless and; χ 3 = (BA particle size -25), mm.
6
The coefficients of determination (R 2 ), providing a measure of the predictive ability of 7 these regression models, were 0.85 and 0.84, at 14 and 28 days, respectively. The strong 8 predictive ability of the models underlines the significant role played by each of MC, W/BA 9 ratio, BA particle size and the interaction of MC and W/BA ratio in creating a physical 10 environment conducive to microbial activity and organic matter oxidation. (Table 2 ). Regression analysis indicated that peak OUR had a significant positive association 1 with MC (p < 0.01) and a significant negative association with BA particle size (p < 0.005). 2 Although W/BA ratio had a strong main effect and interaction with MC on cumulative O 2 3 consumption, it did not significantly impact peak OUR at the onset of biodegradation. The 4 influence of MC and BA particle size alone accounted for over 62 % of the variability seen in the 5 peak OUR obtained in the trials (R 2 = 0.62). The inclusion of the interaction between MC and 6 particle size in the regression model alongside the main effects of MC and BA particle size (p = 7 0.12) increased the proportion of explained variability in peak OUR to 70 % (R 2 = 0.70). 8
Samples with higher moisture and smaller BA particle sizes reached greater peak OURs, 9 probably due to their direct role on microbial growth. A high MC in the sample provides ample 10 water for physiological activities as well as transport of nutrients and the microorganisms 11 themselves, while smaller BA particle sizes allow for increased surface area colonization and 12 access to substrate for the microorganisms ( The time elapsed to the first peak OUR was also considerably different between trials, 16 ranging from 28 hours to over 137 hours ( Table 2 ). The only physical factor significantly 17 associated to time to peak O 2 uptake was MC, and this association was negative (p < 0.005). As 18 such, the use of higher moisture in the samples reduced the time needed to reach peak 19 performance in the active phase, likely due to the strong deterministic role of water on microbial 20 activity and nutrient transport. Although the influence of physical parameters on the kinetics of 21 biodegradation needs further study, the results of our study suggest that MC may have an impact 22 on the microbial growth rates or organic matter hydrolysis rates of an organic mixture. cumulative O 2 consumption at 28 days and cumulative O 2 consumption at 14 days, peak OUR, 9 DRI 24 h and time to peak OUR. The cumulative O 2 consumption after 14 days explained more 10 than 89 % of the variability observed in cumulative O 2 consumption after 28 days (Table 3) , 11
illustrating the strong predictive power of O 2 uptake after just two weeks of aeration over the full 12 biodegradability of the recipe material. Moreover, supplementing the above model with the peak 13 OUR, time to peak OUR and cumulative O 2 consumption up to the peak further increased the 14 ability of predicting cumulative O 2 consumption after 28 days (R 2 = 0.96). This suggests that in 15 future studies limiting the respirometric trials to two weeks would nonetheless allow for accurate 16 predictions of cumulative O 2 consumption as a measure of the full biodegradation of sludge. 17
As expected, peak OUR and DRI 24h were very strongly associated (Table 3) . Moreover, 18 peak OUR and DRI 24 h had good predictive power for cumulative O 2 consumption at both 14 and 19 28 days (Table 3 ). This suggests that the peak OUR and DRI 24h achieved in the first few days of 20 composting are good indicators of the aeration requirements and biodegradability potential of the 21 waste, particularly after 14 days, once the main active phase and the majority of sludge 22 biodegradation has taken place. Adding information pertaining to the time to peak OUR and the 23
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cumulative O 2 consumption up to the peak did not improve the predictive ability of the 1 regression model (data not shown), suggesting that the bulk of the information resides in the 2 peak OUR itself. 3
Lastly, time to peak OUR and cumulative O 2 consumption after 14 days were found to be 4 inversely associated (Table 3) . Trials reaching their peak OUR sooner had larger cumulative O 2 5 consumption after 14 days reflecting an acceleration in active phase microbial biodegradation, 6 since the bulk of O 2 uptake occurred around the peak. This indicates that a favourable physical 7 compost recipe for practical compost schemes should attempt to reduce the time needed to reach 8 peak OUR and thus stabilize the majority of its biodegradable matter. 9 10
Conclusion 11
A study of the influence of moisture content (MC), waste to bulking agent (W/BA) ratio 12 and BA particle size upon microbial O 2 uptake was successfully carried out using a central 13 composite factor design that tested 16 different sludge waste compost recipes. Regression 14 analysis indicated the presence of important interactions between sludge mixture physical 15 parameters, namely MC and W/BA ratio. The interaction between these parameters had a strong 16 impact upon cumulative O 2 consumption after 14 day and 28 days of biomass aeration, the latter 17 endpoint reflecting the full biodegradability of the mixtures. Thus, focus should shift from 18 optimizing individual physical parameter levels towards establishing optimal physical mixture 19 recipes in an inclusive manner. Regression models predicting cumulative O 2 consumption as a 20 function of the physical parameters emphasized the importance of the interaction between MC 21 and W/BA ratio. They also served to illustrate the changes in cumulative O 2 consumption from 22 alterations in MC, W/BA ratio and BA particle size in a sludge recipe. 
